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ABSTRACT 

The nearly instantaneous global pattern of the auroral electron precipitation is determined 

for quiet periods using auroral images from the spacecraft Dynamics Explorer 1. The use 

of global-scale images to determine these patterns provides improved temporal and two- 

dimensional spatial resolution not possible with highly localized and less frequent in situ 

particle measurements made with low-altitude, polar-orbiting spacecraft. The analysis is 

of far-ultraviolet images at wavelengths 120-160 nm obtained during periods when the 

magnetic index AE is less than 100 nT and decreasing with time. The orientation of the 

interplanetary magnetic field is also considered in this analysis. Analysis of the patterns for 

magnetically quiet intervals is a necessary first step in determining the global precipitation 

pattern for the growth, expansion, and recovery phases of auroral substorms. These 

nearly instantaneous patterns will provide improved estimates of the energy input on a 

global scale for investigations of thermospheric storms and related aeronomic phenomena 

by other researchers. 

in 
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CHAPTER 1 

INTRODUCTION AND PREVIOUS WORK 

Introduction 

Since man first set eyes on the aurora he has been trying to explain its origin. Early 

man explained the aurora with gods and demons, and even today some native children are 

told that the aurora snatches bad little children like the bogeyman [Davis, 1992]. 

Numerous other explanations have been put forth by scholars for the lights in the night 

sky. As late as the early and middle 1700s several theories were put forth explaining that 

the aurora was caused by sunlight reflecting from ice on the Arctic ocean or from ice 

crystals in the Earth's atmosphere [Eather, 1980]. More plausible theories came about as 

man gained a better understanding of the world around him. Summaries of the history of 

auroral lore and knowledge have been compiled by many authors (e.g., Eather [1980], 

Davis [1992], and Stringer and Schreurs [1975]). Highlights are given in this 

introduction. 

In 1774, Jean Jaques Dortous de Mairan of France first related the aurora to solar 

activity. Sweden's Anders Jonas Angstrom showed, through the use of a prism, in 1868, 

that auroral light differs from sunlight. In 1910, Carl Stornier used triangulation to 

measure the height of the aurora, showing the aurora to be much higher in the atmosphere 

than was earlier believed. He found the lower border of the aurora to be at an average 

height of 110 km, that it is rarely seen below 90 km, and it could occur as high as 250 km 

1 
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[Eather, 1980]. Measurements made in 1930 by Veryl Fuller then showed that auroras 

occur at the same altitudes all along the auroral zone [Stringer and Schreurs, 1975]. 

Extensive studies of the aurora took place during the International Geophysical 

Year (IGY) of 1957 and 1958. All-sky camera networks simultaneously recorded auroral 

displays throughout the high-latitude northern hemisphere to form some of the first large- 

scale continuous images of the auroral oval at various levels of activity [Eather, 1980]. 

Data from the IGY led to a new and better understanding of the aurora, and to more and 

improved experimental techniques to measure the auroral phenomena. Since then, 

advances in computer technology, spacecraft measurements (both in situ and remote) and 

other observation techniques have supported new and better theories and models of the 

aurora [Stringer and Schreurs, 1975]. 

One of the simplest physical systems used today as an analogy with which to explain 

the aurora is a television set. The system that generates the aurora is said to be like a 

gigantic picture tube with particles that are released by the Sun streaming outwards 

toward the Earth ~ the solar wind. The Earth's magnetic field, interacting with the 

interplanetary magnetic field (IMF) from the Sun, works to focus and direct the solar 

particles into narrow 'beams' that impact the Earth's upper atmosphere. This in turn acts 

like the screen, to create the phenomenon we call the aurora [Davis, 1992]. The 

mechanism of acceleration near the Earth is not well understood. This analogy works well 

as far as it goes, but implies that the 'screen', the upper atmosphere, is flat and unchanging. 

We know that the particles don't just stream directly from the Sun into the Earth's 

upper atmosphere. The Earth's magnetosphere acts like a filter, amplifier and a focusing 

device for the particles. The number of particles that reach the upper atmosphere is 

dependent on the solar activity, the state of the magnetosphere, and the energies of the 

particles.  The particles that enter the Earth's upper atmosphere and that are responsible 
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for the aurora range in energy from a few electron volts (eV) to several hundred 

kiloelectron volts (keV). Particles that meet or exceed a given energy threshold excite 

specific constituents of the atmosphere. From these particle-constituent interactions light 

at specific wavelengths is radiated as the constituents return to their ground states. The 

wavelength of an emission is directly related to the atomic structure of the constituent and 

the distribution of wavelengths in the aurora is related to the average energies of the 

particles and composition of the atmosphere [Rees, 1989]. By monitoring the auroral 

emissions one can estimate the amount of energy being deposited in the upper atmosphere 

by the energetic particles. 

The Ionosphere 

The upper atmosphere is not simply a flat screen like that of a television set, but has 

both depth and structure. Figure 1.1 shows schematically the average structure of the 

Earth's atmosphere for temperature, and for ion and neutral densities [Rees, 1989]. The 

major molecular constituents of the upper atmosphere are N2 and 02. The major atomic 

constituent is O, produced mainly through the dissociation of 02 by solar UV photons 

and energetic particle impact [Rees, 1989]. Below about 150 km, N2 and 02 are the 

dominant species. With further increase in altitude, atomic oxygen becomes more 

prominent than the 02, and then above 200 to 250 km atomic oxygen becomes the 

dominant constituent. These general transitions of the number densities for the dominant 

upper atmosphere constituents are for a model atmosphere. The precise number densities 

and atmospheric profiles vary considerably. 

A plot of ion density verses altitude shows a different vertical structure to the 

atmosphere that is also of importance to the auroral researcher. Although a qualitative 

summary, the region defined as the ionosphere becomes apparent in Figure 1.1.   A more 
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exacting profile of the ionosphere can be found by plotting the electron density verses 

altitude. Such a plot is seen in Figure 1.2 [Wallace and Hobbs, 1977]. 

From Figure 1.2 we can see that the electron density increases rapidly above an 

altitude of about 85 km to a peak at between 250 and 300 km. The irregularities in the 

plot are labeled the D and E regions of the ionosphere. These regions have a strong 

diurnal dependence as seen in Figure 1.2, with most of the electrons recombining with 

positive ions in the nightside of the ionosphere [Wallace and Hobbs, 1977]. This shows 

that these regions are strongly dependent on solar photoionization as the source of their 

free electrons. These diurnal effects are due to recombination of photoionized 

atmospheric constituents. Recombination rates are highly dependent on the rates of 

collision. In the E region, atmospheric density is such that the collision rate is high and 

therefore the recombination rate is high. Thus when the E region is no longer exposed to 

sunlight the rate of recombination dominates and the electron density decreases rapidly. 

Although the F region is also solar produced, its diurnal variability is weaker than that of 

the E region because the atmospheric density is low and hence the collision rate is low. 

The diurnal variations are often masked by other fluctuations in the electron density. 

These non-diurnal fluctuations are caused by phenomena other than direct solar 

photoionization. It must be noted here that these profiles presented in Figure 1.1 and 1.2 

are of the mean ionosphere. There are latitudinal, seasonal, and other variations that 

occur in the ionosphere on many different time scales. The instantaneous profile of the 

ionosphere, when measured, may be drastically different from the mean view at any given 

time and latitude. 

One source of electron density fluctuations in the F region is energetic particle 

interactions with the neutral and ionic constituents of the upper atmosphere. This 

precipitation of energetic magnetospheric particles into the ionosphere at high latitudes is 
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the source of auroral emissions [Eather, 1980]. Such interactions are not exclusive to the 

F-region altitudes, with higher energy particles penetrating deeper into the atmosphere. 

Figure 1.3 shows the volume emission rate for the 01 triplet at about 130.4 nm, in the far 

ultraviolet (FUV), as created by precipitating electrons from three assumed Maxwellian 

distributions. Characteristic energies of the distributions are E0 =0.1, 1 and 6 keV. Note 

that the lower boundary of penetration for the 0.1 -keV electrons is at about 150 km, while 

the lower boundaries for the 1- and 6-keV electrons are 100 and 90 km, respectively. A 

major feature that one should see in Figure 1.3 is that there appears to be a lower altitude 

limit to the penetration of the energetic particles. For the higher energy particles the 

emission rate profiles with respect to altitude are similar. The lower limit may reach 85 

km, with a peak in the rate near the base of the profile, and the rate decreases 

exponentially with increasing altitude. While Figure 1.3 is concerned with only one 

particular wavelength of auroral emissions, qualitatively similar results are obtained for 

emissions at other wavelengths. Such profiles give us a cross-sectional region of the 

upper atmosphere to which we can confine our investigation, generally above 85 km. 

The spectrum of auroral emissions ranges from the infrared to the extreme 

ultraviolet and x-ray bands. Figure 1.4 shows a small portion of the auroral emission 

spectrum from 117.5 to 152.5 nm. This spectrum was recorded with a rocket-borne 

photometer at altitudes of 160-180 km [Feldman and Gentieu, 1982]. While Figure 1.4 is 

the spectrum for one particular aurora, it is typical of most auroral emissions in this 

particular range of wavelengths. Specific emissions detected by instruments are 

determined by the energy and type of the precipitating particle and the atmospheric 

constituents with which the particle interacts. Many ground-based all-sky cameras use 

filters   in   the   visible   region   of the   spectrum.      Spacecraft   may   carry   several 
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Figure 1.3 Volume emission rate of the 01(130.4 nm) triplet produced by electron 
impact excitation of atomic oxygen and dissociative excitation of molecular oxygen. 
Altitude profiles are shown for three isotropic Maxwellian electron spectra with char- 
acteristic energies of 0.1, 1, and 6 keV. [Lummerzheim et al., 1991] 
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contour of a constant emission rate (250 R) is shown. 
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types of detectors with numerous filters and will generally sample the spectrum over a 

region that is of particular interest to the researcher. 

This research will concentrate on the observations of auroral emissions at FUV 

wavelengths ranging from 123-160 nm, as shown in Figure 1.4. We can see from this 

figure that the focus is on emissions from electron interactions with NI, 01, and 

N2 (LBH). The relative importance of the contributions will be discussed later. 

Auroral Emissions 

It has been shown that of the precipitating particles reaching the lower 

thermosphere, electrons contribute the majority of the energy input into the auroral oval 

[Hardy et al., 1985]. Nearly all emissions of interest to this research are the result of the 

precipitation of electrons with energies ranging from 0.05 to 10 keV [Lummerzheim, 

1991]. In general the type of electron-constituent interactions responsible for the 

emissions are, 

ep+A, AB->ep+A+*, AB+*+es (1) 

ep+AB->ep+A+*+B*+es (2) 

ep+AB->ep+A*+B* (3) 

* A T-.* es+A, AB->es+A ,AB (4) 
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where A denotes atomic species and AB denotes molecular species and ep and es are, 

respectively, the primary precipitating electrons and resulting secondary electrons created 

in the interaction [Rees, 1989]. An asterisk denotes the formation of an excited state. 

Equation (1) describes ionization excitation, equation (2) dissociative ionization 

excitation, (3) dissociative excitation, and (4) excitation from secondary electrons [Rees, 

1989]. Emission rates for the various electron-constituent interactions are altitude 

dependent since both the relative density of a given atmospheric constituent and the 

energy of a precipitating particle are altitude dependent. The precipitating particle spectra 

and the relative density of atomic oxygen are combined in Figure 1.3 to show that many 

of the 01 emissions at 130.4 nm occur from 85 to 200 km. Emissions of present interest 

for NI, HI, N2 (LBH) and 01 are summarized in Table 1.1. The relative importance of 

each will be covered in Chapter 2. 

Table 1.1. Auroral emissions of interest to this research, wavelength in nm [Meier and 
Strickland, 1991], 

Species Wavlength (nm) 

NI 149.3 

HI 121.6 

N2 (LBH) 125.9, 127.3, 129.8, 132.5, 135.4, 138.4, 139.8, 141.6, 143.1, 
144.6, 146.5,149.5, 151.1, 153.1, 155.8, 158.6, 160.2 

01 130.4, 135.6 

These interactions and their emissions have been extensively studied in the 

laboratory and the field [Rees, 1989]. The threshold energy a particle needs when 

colliding with a specific constituent causing it to radiate at a particular wavelength is well 
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established. Using this foundation one can work in the reverse: By observing ratios of 

particular emissions in the auroral oval, one can determine principle features of the energy 

spectrum of the precipitating particles. An example of this is given by Rees and Luckey 

[1974] for emissions at visible wavelengths. 

Previous Research 

Much of the previous research on global patterns of energetic particle precipitation 

has been achieved through the analysis of ground-based or low-altitude spacecraft 

observations. This is somewhat analogous to someone watching a twenty-inch television 

screen from the distance of about one inch. While the viewer has an excellent perspective 

of that part of the screen in his field of vision, he can look at the different parts of the 

screen sequentially and assume that everything on the TV screen is constant and 

stationary, or he can take long-term statistical averages of the brightness patterns on the 

screen and assume that these averages will represent the TV program. In the case of the 

auroral oval, the screen typically covers the Arctic or Antarctic polar region from about ± 

60° latitude to the poles, or an area of about 35x10 km [Gorney, 1991]. The field of 

view of an all-sky camera covers a region about the size of Alaska at best, or 

1.5 x 10 km . A low-altitude spacecraft can only sample a thin slice of this region in 

each orbit. Figure 1.5 shows a typical false color image of a Dynamic Explorer far- 

ultraviolet image of the aurora. The bright yellow region in the upper left of the image is 

due to the dayglow emissions in the sunlit hemisphere. The Sun is toward the upper left. 

The remaining principle directions are : midnight to the lower right (the broad region of 

the oval); 0600 magnetic local time to the upper right; and 1800 MLT towards the lower 

left. The circle centered at about 1000 MLT outlines the field of view at auroral emission 

altitudes of a ground based all-sky camera [Craven, personal communication, 1994]. 
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Figure 1.5 False-color image of the auroral oval in the far-ultraviolet region of the 
spectrum. The sun is to the upper-left of the image. The overlayed circle in the 
morning sector represents the field of view of a ground-based all-sky camera. 
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The aurora is very dynamic, with structural changes occurring in the span of 

seconds, minutes and hours [Akasofu, 1991, 1968, 1964], and with many of these changes 

occurring in an organized pattern and morphology first identified by S.-I. Akasofu [1964] 

as an auroral substorm. A typical auroral substorm is first indicated by a sudden 

brightening of the aurora in the midnight or late evening sector [e.g., Akasofu, 1964, 

1968, 1991; Rostoker, 1991]. If a low-altitude spacecraft is not in the proper place at the 

proper time it may not detect this sudden change in auroral activity. 

After substorm onset the auroral brightening spreads rapidly along the auroral oval 

in what is known as the westward and eastward surges. This occurs in a matter of several 

minutes to tens of minutes and the entire oval in the nightside becomes bright [Akasofu, 

1968]. The oval also expands poleward and equatorward, begins to break up into many 

bright patches, and then fades and returns to its original state. This entire process from 

onset to recovery can take as little as 30 minutes or as long as several hours. 

One can avoid making too large an inference about the overall auroral distribution 

by taking many measurements over the entire region of interest. This can be done by 

linking many observers together as was done with the network of all-sky cameras used for 

IGY. But this may still leave gaps due to weather or to auroral activity that moves the 

aurora out of the field of view. It is too expensive to place such all-sky cameras in all 

regions of interest. Another approach is to make many measurements over a given period 

of time and create a statistical model of the region of interest. 

This last method has been used by many researchers. Of interest to this research is 

the work done by Hardy et al. [1985] and Spiro et al. [1982] with particle detectors 

aboard several low-altitude, polar orbiting spacecraft platforms. Hardy et al. made use of 

DMSP F2 and F4, and STP P78-1, while Spiro et al. used observations from Atmospheric 

Explorers C and D. Their approaches to finding the large-scale pattern of auroral electron 
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precipitation was to use a large data set of electron energy spectra sampled in situ. These 

data sets were subdivided into groups identified by the magnitude of the Kp or AE 

magnetic indices at the time of measurement. But according to Holzworth and Meng 

[1975], spacecraft particle measurements are point measurements in space and time and 

thus cannot sample the entire auroral oval at any given time. 

Although, such research uses large data sets, (e.g., Hardy et al. [1985] used 13.6 

million spectra, with the measurements taken over a 15-month period), this type of 

statistical averaging washes out any small- to medium-scale spatial and temporal 

variations. Knowing the time and spatial scales of auroral activity and comparing them to 

the periods over which Hardy et al. and Spiro et al. averaged, the loss of temporal and 

spatial resolution is easily seen. Typically, a low-altitude spacecraft passes through one 

auroral region less than once every 90 minutes, so any 'image' or global pattern of the 

auroral oval needs to be a composite of several orbital passes over several hours, days, or 

months (as done by Hardy et al. and Spiro et al). This knowledge leads an investigator to 

seek an improved method of evaluating the global pattern of auroral particle precipitation. 

Dynamics Explorer 1 

The time scale and spatial distribution of a typical auroral substorm are so dissimilar 

to the sampling capabilities of single low-altitude spacecraft that there is a need for a 

higher resolution model for the energy deposition associated with auroral activity. The 

Dynamic Explorer 1 (DE 1) images in the visible and far ultraviolet (FUV) wavelengths 

provide that increased resolution in both time and space over ground-based and in situ 

representations of the entire auroral oval. With this increased resolution and large 

database of images over a wide range of magnetospheric activity, one should be able to 



16 

establish an improved model of auroral electron energy deposition versus geomagnetic 

activity. 

Much work has been done with global spacecraft images in the visible and 

ultraviolet regions of the spectrum [Rees et al, 1988]. Rees and Luckey [1974] showed 

that by using the ratios of specific emissions from the visible spectrum (427.8, 557.7, and 

630.0 nm) one can derive a characteristic energy for the precipitating particles. For global 

images the visible region of the spectrum has a drawback in that the bright sunlit 

hemisphere overwhelms the auroral signal. Much of the auroral activity near the 

terminator may also be lost due to this interference. Photometers sampling at FUV 

wavelengths are less hampered by this constraint because the intensities of FUV dayglow 

emissions in the high-latitude sunlit hemisphere are not entirely dissimilar to the intensities 

of auroral emissions. 

Dynamic Explorer 1 (DE 1) data consist of photometric images of the entire auroral 

region with a temporal resolution of approximately 12 minutes and a spatial scale from 

apogee on the order of 100 km [Frank et al, 1981]. When the geometry is correct, 

sequences of images of the entire auroral region can be obtained over a period of several 

hours. An example of such a sequence is shown in Figure 1.6 for observations on 3 

December 1981. The sequence of individual image frames is presented from left to right, 

top to bottom. The color bar used for this sequence to identify photometer counts per 

pixel is given in the first panel. The remaining panels show eight consecutive images 

sampled during this particular orbit. The time of start of imaging (in Universal Time) is 

given above each panel. Note the changes in the brightness and structure of the auroral 

oval from image to image, especially on the dayside and near midnight. Such sequences 

allow the researcher to follow the evolution of auroral activity over the entire region, often 

for several hours or longer. 
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Year/Day: 81/337 0343:40 UT 0355:49 UT 

Figure 1.6 This sequence of images from the DE 1 data set shows more than an 
hour of sampling from an orbit on 3 December 1981. The images are of the northern 
auroral oval. The sequence is read from left to right, top to bottom, with the imaging 
start time in Universal Time given at the top of each panel. The color bar is given 
in counts per pixel in the first panel. 
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Objective 

The objective of this research is to establish an estimate of the nearly instantaneous 

global pattern for auroral electron precipitation. This research lays the foundation for 

subsequent investigators by determining the feasibility of FUV broad-band photometric 

observations at 120-160 nm as a means of estimating the precipitation patterns and 

subsequently the electron energy deposition. By concentrating on the magnetically quiet 

periods of auroral activity this research is intended to investigate the use of an auroral-oval 

centered coordinate system as a baseline for other research to build on. x 

Chapter 2 describes the instrumentation pertinent to this research, and the basic 

physics involved in the use of remote sensing and, in particular, photometric 

measurements. In Chapter 3 the methodology used in data selection, evaluation and 

model building are discussed. Chapter 4 compares the models created by this research to 

other model currently available. A discussion of the results is given in Chapter 5. 



CHAPTER 2 

INSTRUMENTATION AND PHYSICAL PRINCIPLES 

Dynamics Explorer Mission 

The Dynamic Explorer 1 (DE 1) spacecraft was launched on August 3, 1981, into a 

highly elliptical polar orbit, with initial perigee and apogee altitudes of 570 and 23,300 km, 

respectively. The latitude of the line of apsides rotated in the plane of the orbit by about 

0.3° each day. This allowed for viewing of both the northern and southern polar regions 

during the lifetime of the mission. The period of interest for this research is early in the 

mission when spacecraft apogee was over the northern polar region. 

Dynamics Explorer 1 was spin stabilized with its spin axis perpendicular to the orbit 

plane. The spacecraft was equipped with several instrumentation packages including a 

magnetometer, plasma wave instrument, retarding ion mass spectrometer, plasma 

instrument, energetic ion mass spectrometer, and the spin scan auroral imager [Hoffman 

and Schmerling, 1981]. The scope of this research deals with only one of the spacecraft's 

packages, the auroral imaging instrumentation. A detailed description of the imager can 

be found in the paper by Frank et al. [1981], and as significant results are presented, for 

example, by Frank and Craven [1988], Craven and Frank [1991], Lummerzheim et al. 

[1991], Rees et al. [1988], and Sojka et al. [1992]. Only a brief review of the essentials 

will be covered here. 

19 
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Imaging Instrumentation 

A photometer is an instrument used to measure the intensity of light. Generally a 

photometer consists of a collimator, focusing elements, and a detector. The collimator 

defines the maximum field of view by allowing passage to only those photons coming from 

a limited range of directions and blocks strong sources of light at greater angles that can 

interfere with the imaging. From the collimator the photons pass through a focusing lens 

and into a detector. In this case, the detector is a photomultiplier, which, for weakly 

emitting sources, is used to increase the signal to a measurable quantity. For example, one 

photon entering the photomultiplier may produce >10 electrons at the photomultiplier's 

anode. Figure 2.1 shows a cut-away view of one of the auroral imaging photometers used 

on DE 1. Note the addition of a stepping mirror, parabolic mirror, and filter wheel to the 

basic photometer. The parabolic mirror acts as the focusing element. 

The DE 1 Spin-Scan Auroral Imager (SAI) was equipped with three such 

photometers, designated A, B, and C. The photometers were mounted in the spin plane 

of the spacecraft looking radially outward, which allowed the photometers to sample over 

a full circle of 360° with each rotation of the spacecraft. Each rotation of the spacecraft 

took six seconds. In each image the path of the photometer's line-of-sight is referred to as 

a scan line. Each photometer was mounted with its line-of-sight centered in the spin plane 

of the spacecraft and with an angular separation of -120° between photometers. 

Although each photometer operated during a full 360° scan, telemetry limitations allowed 

for the collection of data in only a 120° Earth-centered scan when all three photometers 

were operating simultaneously. 

Each photometer also scanned a 30° field of view centered on and perpendicular to 

the plane of rotation by means of the stepping mirror. The mirror was rotated 0.125° once 

each revolution of the spacecraft to change the direction of the field of view by 0.25°. 
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Figure 2.1 A pictorial diagram displaying the principal optical elements of an 
auroral imaging photometer. The stepping mirror selects the region being sampled 
for each scan line. The parabolic mirror focuses the incoming rays through the 
pinhole, lens, and filter into the photomultiplier [Frank et al., 1981]. 
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There are 120 scans per 30°. A full 120 scan image was completed in 720 seconds (12 

minutes). The sampling time of the photometer was 3.4 ms per pixel which corresponds 

to 0.20° of spacecraft rotation. This arrangement created a two-dimensional array of 

pixels for each image, each pixel having the angular dimensions of 0.20° x 0.29°. Figure 

2.2 depicts this graphically. The left-hand side of the figure shows the spinning spacecraft 

and the ground track of a sampled scan line of the auroral oval (not to scale). The ground 

tracks crossing the auroral oval correspond to the centers of two consecutive scan lines, 

separated by 0.25°. The 0.32° instantaneous field of view along a scan line is depicted on 

the dayside region of the auroral oval. 

The right side of Figure 2.2 shows the detailed structure of a single scan line and 

two consecutive scan lines. The sequence is from top to bottom. Although the 

instantaneous field of view is 0.32°, the actual sample field of view weighted for sampling 

time is only 0.29°, as seen in the third panel. This sampled field of view defines one pixel. 

The center-to-center separation between consecutive pixels in a scan line is 0.23°, 

resulting in some overlap in consecutive pixels. In the next scan line the pixels can be 

offset slightly along the scan line (bottom panel) and slightly overlap the region covered by 

the previous scan line. This overlap limits the amount of area not sampled by the imager. 

Each image is made up of these pixels over angular dimensions of 30° x 120°. 

Photometers A and B responded to photons in the visible spectrum, while 

photometer C sampled in the far ultraviolet (FUV). Each photometer was equipped with 

12 selectable filters. This research is concerned with data obtained using the photometer 

C and a single filter. The filter used was designed for peak transmission at a wavelength 

of 131 nm and a bandpass from 120 nm to 160 nm [Frank et al, 1981]. Its principle 

function was to monitor OI emissions. Figure 2.3 shows the passbands and sensitivities 

for six of the filters for photometer C.  The dash-dot-dash line corresponds to the filter 2 
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Figure 2.2 Diagram depicting the viewing geometry a Spin Scan Auroral Imaging 
photometer relative to the auroral oval. An enlarged view of the angular dimensions 
of a pixel, a successive pixels, and a neighboring scan line are shown in the right side 
of this figure [Frank et al., 1981]. 
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Figure 2.3 The absolute sensitivities of vacuum-ultraviolet imaging photometer C as 
functions of wavelength for six of the twelve filters in its filter wheel [Frank et. al., 1981]. 
Filter 2 corresponds to the 123W filter used for this research. 
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used in this research (#2, later designated 123W). Prominent auroral emission features 

are identified as vertical lines near the bottom of the graph. Note that the peak of the 

passband for the 123W filter is at the emission lines for 01. Based on the filter sensitivities 

given in Figure 2.3, the emission bands from Table 1.1, and the column emission rates 

given by Meier and Strickland [1991] for a 1-keV characteristic electron energy 

distribution and an energy flux of 1 erg -cm -s ,1 calculate that the 01(130.4) 

emissions account for approximately 74% of the total emissions detected by the 123W 

filter. This was done by dividing the scaled column emission rate for 01(130.4) by the 

sum of all the column emission rates scaled by the filter sensitivity for each wavelength 

within the filter's bandpass. For the other emissions the percentages are about 01(135.6) 

15%, N2 (LBH) 6%, and NI 5%. The emissions for HI are negligible in the absence of 

strong proton precipitation. These estimates are based on preflight sensitivity data, but are 

accurate to within 5% for the imaging data used for this research since it was obtained 

during the first several months of the mission. Studies using later imaging data should 

take into account changes in photometer sensitivities. Other researchers get different 

results. For example, Robinson et al. [1989] found that the 01(130.4) emission 

contributed only 65% of the total emissions as seen by the 123W filter. Some of the 

discrepancy in percent contribution of 01(130.4) may arise from a different assumption 

about the characteristic energies. Also Robinson et al. did not calculate the 01 

contributions through a direct method, relying instead on the output of model calculations 

for the Hall and Pedersen conductivities. Even with such a discrepancy there is still 

evidence that 01(130.4) is the primary contributor to the emissions detected by the 

photometer. 
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Image Processing 

The telemetered data were processed at the University of Iowa. All images were 

processed via software systems and transferred into Mission Analysis Files (MAF). The 

processing created Earth-centered images of 120 pixels x 150 pixels, corresponding to a 

30° x 30° field of view. The header file of each image included the photometer and filter 

codes used to calculate the photometer response and spacecraft attitude information, 

which are necessary to reconstruct the image. 

Using a customized software image display package, XSAI, designed by Rae 

Dvorsky at the University of Iowa, selected images can be displayed on a VMS-based 

VAX station. XSAI allows the user to interactively display images and do some basic 

evaluation of phenomena. Graphics routines allow the use of false color enhancement of 

images. Geometric interpretation routines calculate various user selectable geographic 

and geomagnetic coordinates for each pixel of the image from the spacecraft attitude data. 

The XSAI software package was used to extract the photometer counts and the 

geomagnetic coordinates for each pixel. Once the desired data were extracted from each 

MAF it was converted for further processing into a format usable by Research Systems 

Incorporated's Interactive Data Language (TDL). 

Physical Principles and Assumptions 

The object of this research is to create a mean quiet-time image of the aurora from 

the spacecraft photometer data. This mean image will be used as a baseline in the 

development of a spatial and temporal model of the electron energy deposition. To do this 

one must first convert the photometric counts to photons per second for a given region of 

interest. Each photometer and filter combination had a specific wavelength-dependent 

sensitivity, and a conversion from counts per pixel to an equivalent surface brightness in 



27 

kilorayleighs was established. The combination of the 123W filter and photometer C gives 

a specific sensitivity S=3.08 counts per kilorayleigh-pixel [Frank et ah, 1981]. Again, 

refer to Figure 2.3 for the exact sensitivity curve for the filter. 

One of the variables of this calculation is the surface area of the emitting surface 

sampled in each pixel. This area is dependent on the solid angle of the pixel, and the 

spacecraft altitude. If Q is the solid angle of the photometer then the area, A, of a pixel in 

the nadir direction is given by A = Qr where r is the spacecraft altitude above the 

emitting surface. But for each image there may be only one pixel, if any, that is normal to 

the line of sight from the spacecraft to the emitting surface. So we must incorporate into 

this area calculation a method of finding the physical area of each pixel as seen by the 

photometer.   This is done by including the spacecraft zenith angle (DZA) as measured 

from the line of sight from the center of the pixel to the spacecraft. The physical area, Ap, 

is then given by 

AD =  . p       cos(DZA) 

As a first calculation, the observed counts per pixel, C, are converted to photons per unit 

solid angle per second, Ps, by first dividing by the photometer sensitivity, S (C/S in kR), 

then assuming isotropic emission over 4n steradians and applying the definition of the 

0 9 1 kilorayleigh (10 photons(cm •sec)column radiated isotropically), and finally multiplying 

by the area Ap viewed by the photometer, to yield 

10 CAp 
Ps = — photon / sec • sr. 

4#S 
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The total photon emission rate from Ap is then 

10 CAp 
 — photons/sec, 

for isotropic emission and no scattering or absorption in the line of sight from the emitting 

surface to the spacecraft. An estimate of the actual number of photons being emitted at 

Ap is found by calculating the absorption above the emitting source and incorporating it 

into a correction factor. 

To further complicate these calculations, the emissions do not come from a simple 

emitting surface, but from a layer in the atmosphere. Thus the observed emissions from 

that layer are given by the integral of the volume emission along a column through the 

layer weighted by absorption within the column. Some emissions occurring lower in the 

atmosphere may not contribute to the emissions seen at the spacecraft due to absorption. 

For example, 01(130.4) emissions occurring at -120 km altitude will be reduced in 

intensity due to absorption by the Schumann-Runge band of molecular oxygen, and more 

importantly by resonance absorption by 10. The column is said to be optically thick to 

such emissions. The optical thickness varies for each wavelength of photon emitted and 

the constituents of the gas they must travel through to get to a detector. Other emissions 

may be absorbed and then radiated in a random direction, or scattered. This scattering of 

the photons emitted broadens the region from which emissions are sampled. Some form 

of correction for this broadening needs to be built into the model calculations. This will 

give the true spatial dimensions of the precipitation patterns. These absorption and 

scattering processes in the lower atmosphere are beyond the scope of this research, and 

how they are dealt with depends on the thermospheric model and the assumptions used to 
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make that model. Here we will discuss only the emissions as seen by the satellite and will 

let other researchers interpret the processes that lead up to such emission patterns. 

One model for the absorption and scattering processes has been developed by Rees 

and Lummerzheim [1988] and will be used later in this research to compare results found 

here with other precipitation pattern models. Lummerzheim [personal communication, 

1994] has calculated a relationship between the characteristic energies of precipitating 

auroral electrons described by a Maxwellian velocity distribution and the corresponding 

count rates of the DE-1 FUV photometer. Figure 2.4 shows the calculated curves for the 

123W filter. These curves are based on multiple runs of the MSIS 90 model, which is an 

analytic empirical model of the upper atmosphere based on satellite mass spectrometer and 

ground-based incoherent scatter data [Hedin, 1991]. Lummerzheim varied the differential 

cross section of the atmospheric constituents, the generation of secondary electrons, and 

the degradation of the primary non-ionizing electrons [personal communication, 1994; 

Lummerzheim and Lilensten, 1994]. He also ran these conditions for different levels of 

solar activity by varying the F107 cm flux, which is an indirect indicator of the solar 

extreme ultraviolet flux at Earth. This graph depicts the characteristic electron energy 

along the abscissa, in keV, and the count rate of the photometer along the ordinate in 

counts per pixel. These curves are normalized to an incident energy flux of 1 erg cm" s" . 

Each line represents a separate different run of Lummerzheim's model. The variations 

show the possible changes one might encounter in the real world. A fit to the mean of 

these curves is used later in this research. 

From the physical principles described in this chapter and by using the Dynamics 

Explorer data set, one should be able to establish a nearly instantaneous model for the 

global precipitation pattern and be able to make inferences about the global electron 

precipitation pattern.   The methods used to obtain such global patterns for the quiet 
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Figure 2.4 Predicted count rates for an electron energy flux of 1 erg/cm/s as a 
function of the characteristic energy of an assumed Maxwellian spectrum. Calcula- 
tions used the MSIS 90 atmospheric model [Lummerzheim, personal communication, 
1994]. 
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aurora are discussed in Chapter 3. A comparison of the results to other precipitation 

pattern models is discussed in Chapter 4. 



CHAPTER 3 

DATA SELECTION AND ANALYSIS 

Selection Criteria 

Images of the aurora for magnetically quiet times were chosen to establish a baseline 

pattern of auroral energy deposition by precipitating electrons. This baseline can then to 

be used as the starting point for analyzing energy deposition for the more active aurora. 

The definition used for magnetically quiet periods was simply that the AE index be below 

100 nT during each imaging period and decreasing. This threshold was chosen to 

compare my findings with those of other researchers (e.g., Hardy et ah [1985]; Spiro et ah 

[1982]) who have already used a 100-nT criterion to designate periods of low magnetic 

activity. Also, because only a finite number of images were available, an even lower 

threshold would have made the data set too small for reasonable analysis. 

AE records for the period from the start of the DE-1 mission in 1981 through 

January of 1982 were scanned for periods of prolonged low magnetic activity. These 

magnetically quiet periods were then cross referenced to records of DE-1 observations 

using photometer C and the 123W filter. The 123W filter was chosen for its high 

transmission in the center of its passband, which favored detection of the 130.4 and 135.6- 

nm emissions of 01, and for the large attenuation of the H Lya (121.6 nm) emissions 

[Frank et ah, 1982; Robinson et ah, 1989; and as shown in Chapter 2]. Since AE has a 

latitudinal dependence and some levels of increased auroral activity may not be evident in 

32 
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the AE traces for a contracted oval, imaging sequences that met the 100-nT criterion were 

then viewed on microfilm to identify any auroral activity not evident in the AE records. 

The images were viewed in sequence on the microfilm to determine if there was any 

systematic brightening or expansion of the auroral oval that might indicate the onset of 

substorm activity not evident in the AE-index records. The viewing geometry was also 

checked at this stage to ensure that the entire oval was visible in the image. These criteria 

identified 176 possible images from 24 orbits. 

These 176 images were then viewed using the image display software package 

XSAI. At this time a more detailed visual inspection was conducted to ensure minimum 

interference from dayglow, that the oval was sufficiently far from the limb (10° at -110 

km altitude above the Earth's surface) to eliminate limb brightening effects, and to avoid 

large uncertainties in surface area and position of each pixel at large spacecraft zenith 

angles. These selection criteria further reduced the size of the available data set to 134 

images in 17 sequences. 

These images were then converted to IDL format files using programs written by A. 

J. Nicholas [1993] and modified slightly for this research. These programs subtracted 

from the original image the limb region as defined by Nicholas and used an empirical 

quiet-time model for dayglow to subtract many of the dayside emissions. An example of a 

sequence of images in which the quiet-time dayglow is subtracted is shown in Figure 3.1, 

which is the same as seen in Figure 1.6. Comparison of Figure 3.1 and Figure 1.6 shows 

how the dayside emissions were minimized through this application of the dayglow model. 

Although the model did not eliminate all the dayglow emissions, it did allow for more 

precise measurement of the dayside auroral oval boundaries and emission patterns. 

An interesting feature in these images is the extensive region of weak emissions at 

low latitudes in the nightside hemisphere, outside the auroral oval.   Such emissions were 
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Figure 3.1 A sequence of eight consecutive images from the DE-1 data set for 3 
December 1981. Similar in format to Figure 1.6, but with the dayglow background 
subtracted. The sequence is read from left to right, top to bottom, with the imaging 
start time, in Universal Time, given at the top of each panel. The color bar, in counts 
per pixel, is placed in the first panel. The circled dot represents the location of the 
geomagnetic pole. 
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not evident in all DE-1 images. A comparison of images in Figure 3.1 with the image 

shown in Figure 1.5 emphasizes the difference in the nightside emissions. Although some 

of the apparent difference is due to differences in the color bars used, the emissions seen in 

the nightside of the images in Figure 3.1 are real and not just noise. These nightside 

emissions were created by photoelectrons from the sunlit conjugate hemisphere that 

traveled along the closed field lines and precipitated into the nightside upper atmosphere in 

this hemisphere. Average photometer responses were generally < 1 count/pixel. 

Finally, once the computer programs for limb and dayglow subtraction were applied 

to the images they were again viewed to ensure that portions of the auroral oval were not 

lost due to the limb subtraction, where the limb subtraction as defined by Nicholas [1993] 

was a more stringent condition than what was provided by the earlier visual inspection 

with XSAI. The additional inspection of the images ensured that the entire oval was 

visible in each image. This last test further reduced the data set used by this research to 85 

images in 13 sequences. A list of the images used   is provided in Appendix A. 

Low-Latitude Boundary ~ Initial Investigation 

To establish the mean quiet-time geometry of the auroral oval (size, shape, location 

relative to a chosen coordinate system, etc.), an initial investigation of the low-latitude 

boundary, or edge, of the auroral emissions in the FUV was done. The size and location 

of this boundary was measured and correlated with the AE-index, the interplanetary 

magnetic field (IMF), and other geomagnetic and solar parameters in an attempt to 

establish a link between oval size and location due to known, and easily measured 

parameters. Determination of this quiet-time geometry and the physically relevant 

parameters that organize the observations is necessary to establish a baseline model of the 

auroral oval.   The low-latitude boundary was then used to determine the size of the 
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auroral oval during quiet periods, in an attempt to find a lower limit to the area of the 

auroral oval. 

The contours of the low-latitude boundary were first determined manually by 

visually inspecting a false-color image displayed on a twenty-inch monitor with XSAI and 

by placing points on the image (using the cursor and mouse) at the edge of the oval. The 

color bar used in XSAI was set with a threshold of about V2 count average («150 

rayleighs) for this display. The low-latitude boundary (LLB) was estimated by a series of 

points placed along this '/2-count threshold. The contouring routine then computed a 

spline fit to these points and created an array of 100 data points along the contour in both 

geographic and geomagnetic coordinates. The contour routine also calculated the area 

encompassed by the contour. Finally, the contour was overlaid on the image and visually 

inspected to ensure that the low-latitude boundary encompassed all the emissions 

associated with the auroral oval. 

To determine if there were any rapidly occurring spatial changes to the quiet-time 

oval, the size of the auroral oval and polar cap, as measured by the area encompassed by 

the contour, was then plotted against the time interval since the AE index last decreased 

below 100 and 50 nT. Figure 3.2a shows the area enclosed for the first and last image of 

each imaging sequence (dots connected by a solid line) and the time since the AE dropped 

below the 100-nT threshold. Figure 3.2b is a similar plot for those sequences where the 

AE index was less than 50 nT during the entire imaging time. Generally, the total area of 

the auroral oval defined by this low-latitude boundary decreases slowly with time, for each 

imaging sequence, as the AE index decreases below 100 nT and then remains below this 

value. This trend of decreasing oval size for a given sequence of images is also apparent 

for the plot of AE less than 50 nT. Because the areas generally varied slowly and 

systematically, only the areas of the first and last image of a given sequence are plotted to 
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Figure 3.2 Plots of the area enclosed by the low-latitude boundary for the first 
and last image of (a) all sequences for AE < 100 nT plotted against the time since 
the AE index passed below the 100-nT threshold, and (b) those sequences where AE 
< 50 nT for the entire imaging time verses the time since the AE index passed the 
threshold of 50 nT. 
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show the total change during one imaging sequence. For a given sequence, the area may 

increase and/or decrease during the imaging time, but the general trend is indicated by the 

slope of each line connecting the two points. 

From the areas given in Figure 3.2 a more convenient parameter was calculated, the 

angular radius, or geographic co-latitude, of a circle on a sphere that encloses the same 

surface area. The co-latitudes were calculated using the formula for the surface area of a 

sphere, and are measured in degrees of geographic co-latitude from the "pole" towards the 

"equator". This was done to see if the aurora oval came to some minimum size after a 

period of low or no activity. Figure 3.3a shows the geographic latitudes (90° - co- 

latitude) for all data plotted against the time since AE was first less than 100 nT. In the 

next two panels the latitudes are plotted for only those cases when AE was less than 50 

nT, and plotted versus the time since AE first decreased below 100 nT (Figure 3.3b) and 

below 50 nT (Figure 3.3c). In each of the panels a linear and quadratic fit are depicted, 

with a solid line representing the linear fit, and a dashed line the quadratic fit. A quadratic 

fit to the data was first attempted since the decrease in area enclosed by the ovals was 

nearly linear and the area is a function of the square of the co-latitude for small angles. 

The linear fits were then investigated as a comparison. 

The quadratic fit in Figure 3.3a varies little from the linear fit, and appears to have a 

minimum oval size of-71° after 11 hours of being below 100 nT. The quadratic fit in this 

figure shows what one might expect, although it is only weakly quadratic. In Figure 3.3b, 

where the threshold of 100 nT is the same but using only those orbits where the AE index 

fell below 50 nT for the entire sequence, the quadratic fit is not as one would predict. 

Instead of a minimum value for the latitude, as in (a), the quadratic fit indicates a very 

weak increase in the rate of the oval shrinking as time passes. In Figure 3.3 c the quadratic 

fit to the data shows a minimum in the auroral oval size of -72° after the AE index has 
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Figure 3.3 Plots of the radii of circles of equivalent areas of the mean areas for 
each sequence depicted in Figure 3.2 for (a) all sequences where AE < 100 nT, and 
(b) those sequences where AE < 50 nT during the entire imaging time verses the 
time since the AE index passed below the 100-nT threshold. Panel (c) depicts those 
sequences where AE < 50 nT during the entire imaging time plotted against the time 
since AE passed below the 50-nT threshold. The sigma values given are for the linear 
fits. 
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been below 50 nT for 5-7 hours, and then begins to expand. This quadratic fit is counter 

to what one would expect for long magnetically quiet periods. Note that the slope of the 

linear fit in Figure 3.3a is 0.1 l°/hour and 0.197hour for panels (b) and (c). The error of 

the slopes for all three fits is ±0.07°/hour. The t=0 intercept for all three panels is 69° ± c, 

where o is 1.8, 1.9, and 2.0°/hour for panels (a), (b), and (c), respectively. This shows a 

tendency for there to be an increase in the rate at which the auroral oval shrinks when the 

AE index remains below 50 nT. The data point at -11.2 hours (latitude of 67.4°) in all 

three panels does not fit well with the other data, and is largely responsible for the poor 

quadratic fit in Figure 3.3c. All parameters for this imaging sequence were reviewed and 

none were found suspect. This data point meets the criteria set for all the other data used. 

The low-latitude boundary contours for all images were summed and averaged, with 

each contour weighted equally, to create an average auroral oval size for the magnetically 

quiet periods. This average oval size compares favorably with the results of Holzworth 

and Meng [1975] for similar magnetic activity, as can be seen in Figure 3.4, and provides a 

first comparison of this work with previous, independent measurements. Holzworth and 

Meng [1975] used the Q-index (discussed below) to quantify magnetic activity, and an 

estimated position for the boundary was obtained using DMSP auroral images with which 

they were able to view a major portion of the oval in the visible spectrum. The Q index is 

closely related to the AE index. The top panel shows the mean LLB for those imaging 

sequences with AE < 50 nT (solid line) and the calculated oval size given by Holzworth 

and Meng [1975] (dash-dot line) for Q=2. The lower panel is a similar plot for all DE-1 

images (AE < 100 nT) and Q=3. 

The Q index was proposed in 1956 as a measure of geomagnetic activity for use 

during the International Geophysical Year (IGY). The index was calculated every fifteen 

minutes from the H component of the ground magnetometers in conjunction with the 
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Figure 3.4 Low-latitude boundary for (a) AE < 50 nT and Q = 2, and (b) AE 
< 100 nT and Q = 3. The solid line denotes the boundary for the DE-1 results 
presented here, at an average auroral brightness of 150 R. The dash-dot line is the 
boundary as determined by Holzworth and Meng [1975] with DMSP auroral images. 
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quarter hourly ionosondes and other auroral observations taken during IGY. It used the 

magnitude of the positive or negative deviation of the magnetic field's H component from 

its quiet value. Only the records from high latitude observing stations were used in the 

formation of the index, and no averaging was done: only the maximum deflection was 

used [Mayaud, 1980]. Unlike the AE index, the Q index was divided into twelve levels of 

activity, similar to the Kp index. For Q = 0 the deflection of the H component was less 

than or equal to ten nanoteslas. Similarly, a Q value of 1, 2, 3, 4, 5, 6, 7, 6, 9 or 10, is 

assigned for deflections of less than or equal to 20, 40, 80, 140, 240, 400, 660, 1000, 

1500 and 2200 nT, respectively. A Q value of 11 denoted all activity with the deflection 

greater than 2200 nT [Fukushima and Bartels, 1956]. This is similar to the AE index in 

that measured of the deflection of the H component of the ground magnetic field at 

auroral latitudes. The AE index is also measured in nanoteslas, but is not quantized into a 

limited number of values: the actual value of the maximum perturbation is used. The 

closest value of Q for AE < 50 nT is Q = 2, for which AH < 40 nT. Similarly, for AE < 

100 nT the closest Q value is Q = 3 (AH < 80 nT). 

This study of the low-latitude extent of the auroral oval shows that the magnetically 

quiet oval is roughly a circle with its center offset from the geomagnetic pole towards 

midnight by 4° and 1° towards the evening sector. It also confirms that the equations for 

the low-latitude boundary published by Holzworth and Meng [1975] remain valid for the 

quiet-time data. Figure 3.5 shows the mean center of the low-latitude boundaries 

determined here for each sequence plotted relative to the geomagnetic pole. The origin is 

the geomagnetic pole with local noon towards the top of the page and 0600 MLT to the 

right. The triangle on the plot located at (-0.3°,-4.4° ±1°) shows the mean center of the 

quiet-time auroral oval low-latitude boundary as visually estimated during this initial 

investigation.  The asterisk is the mean center for Holzworth and Meng's oval.  Note the 
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Figure 3.5 Center of the mean low-latitude boundary for each image sequence 
(plus), the mean for all sequences (triangle), and the mean center for the Holzworth 
and Meng [1975] boundary. 
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near coincidence of the two means. A brief investigation of the location of the center of 

the oval and its relationship to geomagnetic parameters was done for each sequence for 

the IMF components Bx and By, and Dst. The investigation of quiet-time auroral 

conditions requires Bz>0. There were insufficient data to draw any conclusions about the 

influences of these parameters on the location of the center of the oval. 

Figure 3.6 shows two examples of the visually estimated contour from XSAI plotted 

on a Mercator projection of the corresponding images. The dark solid line denotes the 

low-latitude contour as visually estimated by using the XSAI computer program described 

earlier. The contours for the two images in this figure do not necessarily overlay directly 

with the low-latitude edge of the color display. An investigation of these overlays shows 

that the difference between the contoured boundary and the more exacting boundary of a 

given number of counts/pixel, as will be discussed in Chapter 4, is not systematic. These 

two images are good examples of how difficult it can be to visually estimate the position 

of the low-latitude boundary. 

In conclusion, contours were visually estimated using the computer program XSAI 

for each image to get a first-order approximation of the quiet-time auroral oval 

dimensions. This investigation showed the oval to be circular with a center offset from the 

geomagnetic pole. The changes in the dimensions of the oval after AE went below a given 

threshold were used to investigate whether the oval would reach some minimum size. 

Although no minimum dimensions were shown conclusively, some systematic behavior of 

oval 'shrinking' is seen in the data. A mean contour was calculated for the quiet-time 

aurora and compared with similar work done by Holzworth and Meng [1975]. This 

comparison confirmed their results and showed that a visual estimate of the low-latitude 

auroral oval boundary is a good starting point for further investigations. 
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Figure 3.6 Two examples of visually estimated contours from XSAI plotted onto 
the corresponding images in a Mercator projection. The two images are from De- 
cember 17, 1981. The solid black line denotes the visually estimated contour. 
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Figure 3.7 shows the color bar used for these and all images in this and subsequent 

chapters. The range of the color bar for this work is very narrow, with the range for the 

average photometer response varying from -0.6 to 2.4 counts/pixel (left of the color bar, 

unless otherwise noted). Although in the actual raw data the counts are integers and 

generally range from 0 to 6 counts for the quiet time auroral emissions, because we do 

large scale averaging the color bar used here is scaled to the fraction of counts. Note that 

all the images depicted have been smoothed with a 3 x 3 boxcar (nearest neighbor) routine 

for better presentation. 

Image Analysis 

Viewing individual images in different sequences shows that there is a need for some 

sort of averaging of the magnetically quiet-time data. First, we can do an average because 

as shown before the auroral oval varies slowly over time for these quiet periods. A 

method of averaging needs to be investigated that will limit the washing out of spatial 

features. The averaging processes and their results are discussed in this section. 

After the size of the auroral oval was established for magnetically quiet times, the 

85 images in the final data set were analyzed for their FUV emission patterns, or 

structures. Each mission analysis file (MAF) was converted to a format that could be 

analyzed in the DDL environment, with each file containing the 120 x 150 pixel array 

comprising the image, the geographic and geomagnetic coordinates, for each pixel of that 

image, and the values of the dayglow background that apply to that image. The 

background values were computed using algorithms created by AJ. Nicholas [1993] and 

modified by T. Immel [private communication, 1994]. 

The auroral observations were extracted from each image to scale them to a 

common size for comparison and presentation. Returning to Figure 3.1 note that as the 
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Figure 3.7 The color bar used for the images shown in Chapters 3 and 4. The 
scale on the left side of the bar (in counts/pixel) is used for most of the images. The 
scale on the right side of the bar is used only one set of images, as specified in the 
text. 
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spacecraft approached the Earth the fraction of the total field-of-view containing the 

auroral oval increased. From such a series of images it can be difficult to visibly discern 

slow changes in auroral oval size and shape. Also from Figure 3.1 one can see that there 

are many features in the image that are equatorward of the oval and, for this research, are 

not necessary. To eliminate unwanted data and isolate the area of interest for this research 

in each image, only those pixels located at geomagnetic latitudes >55° North to the pole 

were extracted from each file. Three 35-by-360 element arrays were created containing 

counts per pixel, model background, and number of samples per bin. The dimensions of 

each array correspond to the geomagnetic coordinates of the pixels, 0° to 34° for the 

geomagnetic colatitudes, and 0°-l° to 359°-360° for the magnetic local time in degrees 

(15° = 1 hour). The number of samples in each 1° x 1° bin is specified by an integer value. 

The number of samples is used later in calculating weighted average values for the 

photometer's response. For spacecraft altitudes of use here, the angular dimension of 

individual pixels were also -1° at auroral emission altitudes. Hence, each pixel is treated 

as an independent sample. 

Previously shown in Figure 3.1 is a sample of an orbital sequence for day 337 of 

1981 before the binning was done, but with the dayglow background subtracted. Figure 

3.8a depicts a sample binned image for 1004:08 UT, December 17, 1981, in a Mercator 

projection on the left and a polar projection on the right. The Mercator projection depicts 

geomagnetic latitude along the ordinate and the magnetic local time along the abscissa. 

The polar plot orients the oval such that up is the direction to the Sun. The intersection of 

the axes for the polar projections denotes the geomagnetic pole. Each of the axes ranges 

from 90° at the pole to -65° latitude at 0600, 1200, and 1800 MLT, and -64° at 0000 

MLT. Figure 3.8b is a simple mean image of all data used in this study, without any 

weighting or scaling. Figure 3.8c shows a 'translated' average of all the quiet images that 
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Figure 3.8 Depictions of (a) an single sample image, (b) a simple average of all 
images, and (c) a translated average of all the images. The left side of the figure shows 
Mercator projections of the auroral oval. The right side show polar projections of the 
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will be discussed later in this chapter. A comparison of the single binned image to either 

of the means shows immediately why it is necessary to obtain a mean image. In the single 

image the viewer has a difficult time discerning the global scale pattern, while in the mean 

images a global structure is easily seen. Note that the nightside emissions outside the 

auroral oval are no longer visible in these mean images as opposed to the individual 

images of Figure 3.1. This is because the emissions caused by the precipitating 

photoelectrons from the conjugate sunlit hemisphere are generally weak and their spatial 

pattern is dependent on Universal Time. So on any large scale averaging the mean values 

of such emissions fall below the level of the color bar used here. 

An average for all the quiet-time images was done, to increase the number of counts 

per degree bin to improve the spatial resolution for localized discrete structures in the 

distribution. Such an averaging is considered acceptable due to the small observed 

variations in the dimensions of the oval. Two methods of averaging were found to be 

effective. The first method used for averaging was to simply overlay all the images with no 

scaling or adjustment of any kind and to sum and average the photometer response in each 

bin. This 'simple' average (Figure 3.8b) will be used as an initial check against the other 

averaging method. It is also the method of averaging used by other researchers presenting 

electron data (i.e., Spiro et cd. [1982] and Hardy et a!. [1985]). 

The second averaging scheme 'translated' the images to fit the mean low-latitude 

boundary as defined earlier in this chapter. The LLB for each image was compared to the 

mean LLB of all images. In each one-hour magnetic local time sector the single image 

was translated to overlay its LLB with the mean LLB. This was done by defining a 

translation factor as the difference in geomagnetic latitude between the image LLB and the 

mean LLB at the same position, and then translating the hour 'pie' wedge of the image 

towards or away from the geomagnetic pole by the computed amount.   In effect this 
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served to expand or contract the region of activity to the mean oval size. This translated 

average was done to eliminate some of the washing-out, or blurring of the boundaries seen 

in a non-translated average for differing instantaneous diameter for the auroral oval. 

In both of the averages of Figure 3.8 relative maximums are apparent at about 2200- 

2400, 0730-0900 and 1400-1600 MLT. Without averaging, maxima in the morning and 

afternoon sectors are not easily distinguishable in the sample image shown in Figure 3.8a, 

but the maximum at -2300 MLT can be seen. These maxima in the emission pattern are 

apparent in some of the single images and not in others. In some sequences an observer 

can see these maxima 'winking' on and off. Such variations in the individual images leads 

one to ask about the possible parameters that may influence such activity. Iijima and 

Potemra [1982, 1978] suggest that the parameter of interest is the IMF By component. 

This will be discussed later in this chapter. Comparison of Figures 3.8b and 3.8c shows an 

increase in the spatial size of the maximum at -2300 MLT, and a slight narrowing of the 

over all oval width: In panel (b) the peak in the brightness of the maximum near 2300 

MLT extends from -2200 to 0000 MLT, while in panel (c) it extends from -2100 to 0000 

MLT. The maxima in the morning and afternoon sectors show little change between these 

averages. 

Figure 3.9 shows cross-sectional views of the three images shown in Figure 3.8. 

The cross sections are of the unsmoothed images and therefore any comparison of the 

thresholds and features to those seen in Figure 3.8 will be approximate. The values in 

Figure 3.9 are more exact than the boxcar smoothed data displayed in the images of 

Figure 3.8. Each cross section is a slice along a given hour of magnetic local time (MLT) 

specified at the top of each panel. The sample representative image cross section is 

depicted by the solid line, the dotted line depicts the simple average cross section, and the 

dashed line is the cross section of the photometer response for the translated average 
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Figure 3.9 Latitudinal profiles of the images shown in Figure 3.6 for the magnetic 
local time given at the top of each panel. The solid line denotes the instantaneous 
image, the dotted line the simple average, and the dashed line the translated average. 
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image. The horizontal dashed line marks the V2- count level, which is the threshold level in 

the color image displays and for the original contouring of the low-latitude boundary. 

Although the instantaneous image displays some short-lived features (on the time-scale of 

a single image) not found in the averages, it still compares favorably with them. A ratio of 

the translated average to the simple average shows that there is a mean difference of ±5% 

counts/pixel between the two averages, except in the midnight sector where the 

differences were as much as 25% . This comparison shows that for the most part there is 

little or no difference in the emission patterns between the simple and translated averages, 

except in the midnight sector. This may suggest that the translated average is not 

necessarily an improvement over the simple average for quiet-time auroral activity. 

As a comparison for even more quiet conditions, the simple and translated averages 

for those images where the AE index went below 50 nT and remained so for the entire 

sequence are shown in Figure 3.10. For the simple averages the maximum at 2300 MLT 

appears to diminish in brightness, but the translated average shows the 2300 MLT 

maximum persisting. For AE < 50 nT both averages show the maximum in the morning 

sector decreasing in brightness, and the maximum in the afternoon sector remaining about 

the same. The overall dimensions of the oval don't change significantly between the AE < 

100 nT averages and the AE <50 nT averages. A ratio of the AE < 50 nT to the AE < 

100 nT averages shows the mean differences between either of the averages is on the 

order of ±10% counts/pixel. This is not a significant difference in the emissions since it is 

generally on the order of only two tenths of a count, and there is no systematic pattern to 

the differences. The AE < 50 nT average emissions were not uniformly less those for the 

AE < 100 nT averages. 

An analysis of the translated averaging scheme is depicted in Figures 3.11 and 3.12. 

Figure 3.11 shows histograms of the increments in latitude used for the translations for 
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Figure 3.10 Depictions of the (a) simple average and (b) translated average for 
those images where the AE was below 50 nT for the entire imaging sequence. The 
left side of the figure shows a Mercator projection of the auroral oval. The right side 
shows a polar projection of the same ovals. 
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Figure 3.11    Histograms of the change in latitude used for the translated average 
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each one-hour magnetic local time sector. While each distribution peaks within 2° of zero 

translation, the range of translation runs from -6° to +7° of latitude. Figure 3.12 depicts a 

histogram of the low latitude edge of the mean oval for the simple average (solid line) and 

the translated average (dotted line). To get above some of the noise, these 'edges' 

depicted are for the location of the first bin with a count/pixel > 1. This low-latitude edge 

does not necessarily correspond to the edge seen in the color images of Figure 3.8 due to 

the smoothing of the color images for display. The plots in Figure 3.12 show that the 

translation scheme of averaging does eliminate some of the blurring of the low-latitude 

edge of the auroral oval seen in a simple average. 

The sample image displayed in Figure 3.8a makes the need for an average for the 

quiet-time electron precipitation apparent. A simple average was done as a first 

approximation of the mean global electron precipitation pattern. An improved method for 

calculating the average was investigated in an attempt to limit the 'blurring' of the pattern 

boundaries. The method of translating portions of the oval to a mean low-latitude 

boundary is shown here to have some impact on the dimensions and brightness of various 

features of the precipitation pattern, but no systematic improvement over the simple 

average is seen. By comparing the 100-nT threshold data set averages with a set of 50-nT 

threshold averages it has been shown that the differences are minimal for the location, size, 

and brightness of the precipitation pattern features. 

Dependence on IMF Orientation 

To investigate the suggested dependence of the emission patterns on the IMF 

orientation, the images in this data set were divided into subsets based on the sign of the 

IMF By and Bx components. The orientation of the IMF was determined using the 

hourly averages compiled in the Interplanetary Medium Data Book - Supplement 3A 
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Figure 3.12 Histograms of the hourly average first low-latitude bin where the 
counts are > 1. The solid line denotes the simple average values and the dotted line 
depicts the translated average values. 
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1977-1985 (National Space Science Data Center, World Data Center A for Rockets and 

Satellites). These subsets were the four quadrants of the Bxy plane. The average images 

for these subsets are seen in Figure 3.13 and 3.14. The B^ plane is oriented in these 

figures such that positive Bx is sunward and positive By is toward 1800 MLT (the left). 

Figure 3.13 shows the Mercator projections of the average auroral oval for the B^ 

components. There are 19 images used in the Quadrant-I average, 14 images for the 

Quadrant-III average, and 39 for the Quadrant-IV average. Only one image is available in 

Quadrant-II, and it is extracted from a series where the IMF changes direction several 

times during imaging. In the data set used for this research there are no entire sequences 

where the B^ component is in quadrant II for the entire orbit. Figure 3.14 show the 

same averages depicted as polar projections. The color bar used for these images ranges 

from <0.5 counts to >4.5 counts as depicted in Figure 3.7 (values to the right of the color 

bar). 

The dependence on the orientation of the IMF is evident in the maxima that were 

mentioned earlier. In Quadrant I (Bx and By positive) the maximum at -2300 MLT 

extends from 2100 to 0200 MLT. In Quadrant III (Bx and By negative) the entire 

evening sector is brighter than in Quadrant I. There are also significant increases in the 

brightness of the maxima in the morning and evening sectors, with the maximum at -0800 

MLT doubling from Quadrant I to Quadrant III. Quadrant IV (Bx >0 and By < 0) shows 

significant bulging in the pre-midnight-sector of the oval. There is also a -1 hour shift in 

the midnight maxima from -2300 MLT to -2200 MLT as well as a poleward expansion. 

Although Quadrant II contains only one image (smoothed with a 5x5 boxcar), if we 

assume it to be representative of the mean when Bx < 0 and By > 0, then one can discern 

an increase in the overall oval brightness compared to the other quadrant averages. The 

two 'tails' at about 1600 and 0800 extending from 55° to 70° latitude are artifacts of the 
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Figure 3.13 Mercator projections of the simple averages for images in the four 
quadrants of IMF Bx-By plane. Positive Bx is sunward (top of page) and positive 
By is toward 1800 MLT (left side of page). 
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Figure 3.14 Polar projections of the simple averages for images in the four quad- 
rants of IMF Bx-By plane. Positive Bx is sunward (top of page) and positive By is 
toward 1800 MLT (left side of page). 
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dayglow model subtraction. This thin sliver of dayglow appears in some of the single 

images but is minimized when the images are averaged. Also visible in this image are 

some arcs reaching into the polar cap. 

Such changes in the precipitation patterns can be seen clearly in a sequence of 

individual images where the IMF changes orientation. Figure 3.15 shows one such 

imaging sequence for December 3, 1981, during which the IMF components change sign. 

The solid dark line in each image denotes the visually estimated low-latitude boundary for 

that image. A plot of the IMF components measured in 5-minute averages taken from the 

ISEE-3 spacecraft for the same period is shown in Figure 3.16. The times have been 

adjusted by 65 minutes to take into account a mean solar wind speed of 387 km/s during 

this period and a spacecraft distance of -1,500,000 km from the Earth. The vertical 

dashed lines are the start and end imaging times for the sequence in Figure 3.15. The 

horizontal solid line in each panel depicts the zero line. The Bz component is positive at 

the start of imaging and becomes negative from -0420 to 0450 UT, then turns positive 

and remains through the rest of the imaging time. The By component is negative at the 

start of imaging, becomes positive at -0400 UT, then alternates from positive to negative 

between 0445 UT and the end of imaging. The Bx component is positive at the start of 

imaging and drops below zero from -0400 to 0435 UT, oscillates about zero until 0450 

UT, then remains positive through the rest of the imaging period. The plot of the AE- 

index for this sequence, shown in Figure 3.17, shows that imaging started five hours after 

an isolated substorm peak of 400 nT, and that the AE had remained below 100 nT for 

more than four hours before the start of imaging. 

Visible in this sequence of images is an arc developing across the polar cap. In the 

image for 0456:33 UT there are a few consecutive scan lines missing that show up as 

white lines through the morning and afternoon sectors of the oval. The breakdown of the 
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Figure 3.15 Mercator projections of an imaging sequence for 3 December, 1981. The 
start image time is given at the top of each panel. The IMF components change sign 
during this sequence, as shown in Figure 3.16. 
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Figure 3.16 Plots of the IMF components measured by the ISEE-3 spacecraft for the 
period of interest shown in Figure 3.15. The vertical dashed lines represent the start and 
stop imaging times of the sequence. The horizontal solid line shows the zero level for 
each plot. The data have been shifted 65 minutes to adjust for ISEE-3 position and solar 
wind speed at the time of the sampling. 
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Figure 3.17 A plot of the AE index versus time UT for the period of interest shown in 
Figure 3.15. The vertical dashed lines are the start and stop imaging times for the 
sequence. The horizontal dotted line shows the 100-nT threshold used for this research. 
The horizontal dashed line depicts a 50-nT threshold. 
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dayglow model along the terminator is apparent in these images from the 'tails' that appear 

on the dayside. 

The first three images of the sequence shown in Figure 3.15 show a trend of 

decreasing activity as the Bz has been positive for more than seven hours prior to the start 

of imaging. The maximum seen at -1500 MLT in the 0343:40 UT image is the only 

structure of the dayside maxima identified previously that is readily apparent, but begins to 

diminish in successive images as By becomes positive. When Bx becomes negative at 

about 0400 UT there is an increase in brightness of the maximum at -1000 MLT. The 

maxima in the morning and afternoon sectors increase in brightness during these and 

subsequent images. The maximum near 1500 MLT appears to reach a peak brightness 

during the 0444:24 UT image, while the maximum in the morning sector continues to 

increase in brightness. The peak in the afternoon sector maximum may be associated with 

the turning of the By component towards negative values. The maximum in the midnight 

sector of the oval is closely associated with the Bz becoming negative. This brightening 

persists even after Bz has become positive again. This may indicate that it takes longer 

for the oval to recover from a change in the IMF Bz component than it does from the 

other components. This sequence of images is a good example of how responsive the 

precipitation patterns of the auroral oval are to variations in IMF orientation. 

The dependence of the precipitation patterns on IMF orientation has been shown by 

other researchers (i.e., Iijima and Potemra [1982, 1978]; Newell and Meng [1992]). The 

results shown here differ very little from such results, and will be discussed in Chapter 5. 

The categorizing of the images in quadrants based on the IMF Bxy component's 

orientation does hint that the precipitation pattern is as much a result of the x-component 

as the y-component, possibly more so. The example images given in Figure 3.15 show 

how quickly the auroral precipitation pattern responds to changes in the IMF. 
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The patterns found during this analysis of the quiet time auroral oval are the 

stepping stone to the investigation of the morphology of the auroral oval patterns during 

more active periods. While these images were obtained by photometric methods, they 

compare fairly well with particle measurements used by other researchers. An 

investigation and comparison with other research was done and is outlined in Chapter 4. 



CHAPTER 4 

A COMPARISON WITH OTHER RESEARCH 

Many studies of the auroral electron precipitation patterns have been done over the 

years, and many of these studies have used particle detector instruments on low-altitude 

polar orbiting platforms. One of the advantages of an in situ particle detector is that it 

samples electron energy fluxes directly, and from these measurements one can readily 

derive two parameters: the characteristic energy and mean energy flux of the electron 

spectrum. The emission patterns found in this research are also directly related to the 

characteristic electron energy and electron energy flux patterns in the auroral oval. The 

results of this research are compared here with the work of Spiro et al. [1982] and Hardy 

et al. [1985]. This was done to provide an additional level of confidence in the 

photometric data. 

Comparison with Particle Detectors 

To compare these results with those obtained using particle detectors, it is necessary 

to either relate the imaging data to characteristic energies and energy fluxes, or to relate 

known characteristic energies and fluxes to the photometer's response. The latter 

approach was the only one possible at this stage. To go from the Dynamics Explorer 

images to characteristic energies and energy fluxes would mean that one would have to 

make an assumption about the distribution of one of these two parameters.  To get from 
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the particle data to the photometer's response, one has two known parameters, the 

characteristic energy and energy flux, and from these, one calculates the photometer 

response, in counts/pixel. To do the reverse there is only one known, the photometer's 

response, while trying to calculate two quantities, the characteristic energy and energy 

flux. Some uncertainties can be minimized by calculating a ratio of emissions measured 

simultaneously at two wavelengths and relating the ratio to the energies, as was shown 

possible for the visible wavelengths by Rees and Luckey [1974]. This research only deals 

with one filter in the FUV, and DE 1 was equipped with only one FUV photometer. At 

best one may be able to find a relationship for the characteristic energies and energy fluxes 

by using a ratio between two filters that alternate during an imaging sequence. Derivation 

of such a relationship was outside the scope of this research. 

The data tables of Spiro et al. [1982] give the average characteristic electron 

energies and energy fluxes (in units of ergs cm" s" ) for precipitating auroral electrons 

when AE < 100 nT. From Lummerzheim's data [Lummerzheim and Lilensten, 1994] one 

can get a relationship between the count rate per unit energy flux and the characteristic 

energy. Figure 4.1 depicts the count rate per unit energy flux as a function of the 

characteristic energy. This figure is the same as Figure 2.4, but here the quantities plotted 

are the upper and lower bounds and the mean value. Recall that upper and lower bounds 

arise from the different model runs where Lummerzheim varied several physical 

parameters. Using the data set from Spiro et al. [1982] and the mean curve from 

Lummerzheim's calculations, one can generate an average 'image' of the particle data for 

AE < 100 nT. Figure 4.2 shows this 'image* plotted in the same format as those seen in 

Chapter 3. 

Figures 4.2a and 4.2b depict the simple and translated averages from DE 1, 

respectively. These are the same averages presented in Chapter 3, but have been rebinned 



77 

Count rate per Unit Energy Flux 
123W filter 

V 
0) 
W 
\ 

£0 
t-, 

G 
3 
o o 

10.0 
Characteristic Energy (keV) 

Figure 4.1 Plot of the lower and upper bounds and the mean fit to Lummerzheim's 
calculations of count rate per unit energy flux of the DE-1 photometer C (123W filter) 
as a function of characteristic energy. 
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into 1-hour MLT averages. Figure 4.2c is the calculated photometer response image 

based on the data set of Spiro et al. using the conversion of Figure 4.1. The bin size for 

the particle data was originally 1 hour in MLT by 2° in geomagnetic latitude, from 50° to 

60°, and 80° to 90° GLAT. For the intermediate latitudes from 60° to 80° geomagnetic 

latitude the bin size was 1 hour in MLT by 1° geomagnetic latitude. To quantitatively 

compare the particle data with the findings of this research it was necessary to calculate a 

1-hour MLT mean of the DE-1 average images. For the high and low latitude regions of 

the Spiro et al. data, where the bin size was 2° latitude, the bin size was reduced to 1° 

latitude by assigning the odd numbered latitude bins with the mean of the two adjacent 

even numbered latitude bins. 

Comparing the average images and particle data 'image' shown in Figure 4.2 we see 

that a maximum near midnight is apparent in all three panels. In panel (a) the center of the 

maximum is located at -2200 MLT and extends from 2000 to 0200 MLT. In panel (b) it 

is located at -2300 MLT, and extends from 1900 to 0200 MLT. In panel (c) the 

maximum for the particle data 'image' is at -0000 MLT and extends from 2200 to 0200 

MLT. 

The maximum in the afternoon sector is not as bright as the maximum near 

midnight. In the simple average (Figure 4.2a) this maximum is at -1400 MLT and extends 

from 1300 to 1700 MLT. The translated average shows this maximum to be at -1600 

MLT and extending from 1300 to 1700 MLT. The particle data shows the maximum at 

-1500 MLT and extending from 1400 to 1600 MLT. 

In the morning sector the maximum is brightest in the simple average (Figure 4.2a), 

less bright in the translated average and least bright in the particle data 'image'. The simple 

average shows the maximum at -0800 MLT, extending from 0700 to 1100 MLT. The 

translated average shows it at -0800 MLT and extending from 0700 to 1000 MLT.  The 
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particle data 'image' shows the maximum at -0700 MLT and extending from 0500 to 0900 

MLT. Note that both dayside maxima are less bright in the Spiro et al image than in 

either of the two averages. With the exception of the midnight sector, overall the auroral 

oval is less bright for the Spiro et al data than for the averages. 

A different way of summarizing and comparing these images is seen in Figure 4.3, 

which provides a cross-sectional comparison of the Spiro et al. data with the averages 

found using the DE-1 data set. The dotted line denotes the simple average, and the 

dashed line the translated average for DE 1 images. While these profiles are similar to the 

cross sections depicted in Figure 3.9 they are not the same because Figure 3.9 is a cross 

section at a given hour of MLT while Figure 4.3 is the cross section for the average 

emission over 1-hour of MLT. The solid line depicts the photometer's expected response 

(for the 123W filter) as calculated when using Lummerzheim's conversion from 

characteristic electron energy and electron energy flux to counts per pixel. The horizontal 

dashed line denotes the '/2-count lower limit of the color bar used for the images. The 

color bar used in this chapter is the same as shown on left hand side of Figure 3.7. 

The locations of peak emissions for the three images agree to within a few degrees. 

The particle data show a much narrower oval and sharper low-latitude boundary in the 

noon-to-afternoon sectors of the oval. In the morning sector, the low-latitude boundary 

of the particle data is less sharp than the DE-1 averages. The peaks in the midnight sector 

are as much as 1.1 counts (-360 R) higher for the particle data than for the imaging 

averages. This makes the particle-data 'image' about 35% brighter in this sector. These 

higher peaks can be a result of my more stringent selection criteria in defining quiet 

magnetic activity. While the particle data yield a greater photometer response near 

midnight, along most of the oval the responses associated with the particle data are less 

than those found in the DE-1 averages:  In the late evening as much as 1.3 counts (-430 
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R) alone in finding the Spiro et al. data set to have lower values. Hardy et al. [1985] 

showed that their measurements were, on average, within 20% of the Spiro et al. [1982] 

values, but were uniformly higher than those of Spiro et al. Hardy et al. [1985] pointed 

out that the two data sets were from two different solar cycles: 1974-76 for Spiro et al. 

[1982] and 1977-79 for Hardy et al. [1985]. Even with the extremes described earlier the 

DE-1 averages emissions are -15% higher than in the particle-data 'image' inside the 

auroral oval. Summing over all latitudes and MLT, there are 17% more total counts in the 

particle-data 'image', 286 counts, than in either of the averages, 235 counts. 

From these cross sectional plots of the images depicted in Figure 4.3, the '/2-count 

low-latitude boundary (LLB) and high-latitude boundary (HLB) are extracted for these 

averages, to the nearest degree. Figure 4.4 shows a polar plot of the LLB depicted in a 

format similar to those in Figure 3.3. The solid line denotes the Spiro et al. boundary as 

calculated by this research, the dotted line the simple average, and the dashed line the 

translated average. Also plotted here for comparison is the Q=3 LLB of Holzworth and 

Meng [1975], denoted by the dash-dotrdot-dot line. Some of the roughness of this plot is 

due to the large bin sizes used for this comparison. The Holzworth and Meng LLB is 

generally located at higher latitudes than all the other boundaries, except in the afternoon 

sector, where the Spiro et al. boundary occurs at higher latitudes. The largest differences 

between any of the boundaries occur in this sector, reaching 4° between the Spiro et al. 

boundary and both the simple and translated averages. 

Some of the differences between the averages and the particle data in the afternoon 

sector may be an artifact of the data selection. As stated in Chapter 3, images were 

selected to diminish as much as possible the effect of dayglow intrusion into the auroral 

oval.   This restricted the data set available to the northern hemisphere winter.  No such 
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Figure 4.4 Polar projection of the low-latitude boundary for a 1/2-count threshold 
as seen in Figure 4.3 and the Holzworth and Meng [1975] Q=3 LLB. The solid line 
denotes the Spiro et al. boundary, the dashed line the translated average, the dotted 
the simple average, and the dash-dot-dot-dot line represents the Q=3 boundary. 
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distinction was made by Spiro et al. [1982], and this may have led to some seasonal 

variations being washed out. 

Figure 4.5 shows a polar plot of the high-latitude boundary at the same '/2-count 

level used in Figure 4.4. This plot uses the same format as Figure 4.4 and includes the 

HLB of Holzworth and Meng [1975] for Q=3. The solid line depicts the Spiro et al. HLB 

calculated by this research, the dotted line the simple average, the dashed line the 

translated average, and the dash-dot-dot-dot line the Q=3 high-latitude boundary. 

The Q=3 high-latitude boundary is found at much lower latitudes than any of the 

other boundaries. There is as much as a 7° difference in the afternoon sector between it 

and the DE-1 averages. The particle data boundary is also generally found at lower 

latitudes than the averages, the largest difference being 4° in the evening sector. 

Figures 4.6 and 4.7 show plots similar to those in Figures 4.4 and 4.5, but the 

threshold used is 1 count/pixel. Comparison of Figure 4.4 with Figure 4.6 shows little 

difference in the location of the low-latitude boundary. This is not unexpected, since there 

is a large gradient in auroral brightness along the low-latitude edge of the oval. The high- 

latitude boundaries for the Vi- and 1-count/pixel thresholds in Figures 4.5 and 4.7, 

respectively, do show significant differences. 

The 1-count/pixel threshold for the high-latitude boundary of the auroral oval more 

closely matches the Q=3 HLB of Holzworth and Meng [1975]. In the midnight sector the 

two averages, the particle-data 'image' and the Q=3 boundary, are coincident to within ±1° 

of latitude. The largest differences for all the high-latitude boundaries are still in the 

afternoon sector. The particle-data 'image' is nonexistent in the afternoon sector because 

the particle-data 'image' counts/pixel were less than the threshold of 1 count/pixel. 

Spiro et al. made no distinction in their study between variations due to hemisphere 

(north or south), season, longitude, or solar cycle changes. The DE-1 data set used in this 
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Figure 4.5 Polar projection of the high-latitude boundary for a 1/2-count thresh- 
old as seen in Figure 4.3 and the Holzworth and Meng [1975] Q=3 HLB. The solid line 
denotes the Spiro et al. boundary, the dashed line the translated average, the dotted 
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Figure 4.6 Polar projection of the low-latitude boundary for a 1-count threshold 
as seen in Figure 4.3 and the Holzworth and Meng [1975] Q=3 LLB. The solid line 
denotes the Spiro et al. boundary, the dashed line the translated average, the dotted 
the simple average, and the dash-dot-dot-dot line represents the Q=3 boundary. 
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Figure 4.7 Polar projection of the high-latitude boundary for a 1-count threshold 
as seen in Figure 4.3 and the Holzworth and Meng [1975] Q=3 HLB. The solid line 
denotes the Spiro et al. boundary, the dashed line the translated average, the dotted 
the simple average, and the dash-dot-dot-dot line represents the Q=3 boundary. 
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research was restricted to the northern hemisphere winter, and took into account small 

variations in the oval that may have indicated increased auroral activity. Such differences 

in the parameters during data selection may explain the differences in the 'images'. More 

important though is that given these differences in data selection, the global pattern of the 

electron precipitation is the same. A comparison of the effects of changing IMF 

component orientation is not possible with the Spiro et al. data set. 



CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

Discussion 

The nearly instantaneous pattern of auroral electron precipitation for magnetically 

quiet periods has been investigated by using the emission patterns detected by the 

Dynamics Explorer 1 Spin-Scan Auroral Imaging photometer in the far-ultraviolet (FUV) 

region of the spectrum. From the DE-1 data set between September 26, 1981 to 

February 28, 1982, 85 quiet-time images in 13 separate imaging sequences were selected 

to create a mean auroral oval for AE < 100 nT. This mean auroral image showed a 

general precipitation pattern that can be seen in part, or in whole, in each of the individual 

images. 

The initial investigation looked at the changing dimensions of the auroral oval after 

the AE index decreased and remained below a given threshold during the imaging 

sequence. The purpose was to establish a reference oval coordinate system to which other 

auroral distributions may be translated. The low-latitude boundary of the oval was used as 

a first measure of the auroral angular spatial extent because it is the most constant and 

distinct feature of an auroral oval. An initial estimate of the low-latitude boundary (LLB) 

was made visually using the XSAI computer program. From these visually estimated 

boundaries the total area encompassed by the oval was plotted against the time since AE 

decreased below threshold values of 50 and 100 nT. Initial inspection of these plots 

shows the area of the oval to be decreasing approximately linearly with time. On the basis 
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of this approximately linear relationship, the co-latitudes of equivalent circles were 

calculated from the areas and quadratic fits were used in an attempt to extrapolate a 

minimum auroral oval size for long periods of magnetic quiescence. As a comparison to 

the quadratic fits, linear fits were also obtained for the same data. For the plots of radius 

versus the time duration after AE passed below 100 nT, there was no important difference 

between the linear and quadratic fits, within one sigma. In the case of the radius plotted 

against the time duration after AE went below 50 nT, the linear fit was better than the 

quadratic fit. For this 50-nT plot the linear fit made more sense physically since the 

quadratic fit shows the auroral oval reaching a minimum co-latitude of -18° then 

expanding again after 7 hours of no magnetic activity. The mean linear relationship for the 

data is given by, 

R = 0.16°/hr-At + 69.1° 

where R is the latitude of the equatorward boundary and At, in hours, is the time since AE 

passed below 100 nT. 

From this initial investigation of the auroral oval low-latitude boundary it was 

determined that the mean auroral oval was nearly a circle in geomagnetic coordinates, 

with its center offset from the geomagnetic pole -4° towards the midnight sector and -1° 

towards the evening sector. A comparison of this mean low-latitude boundary with 

similar work done by Holzworth and Meng [1975] for Q=2 and Q=3 shows the 

boundaries found by independent data sets and analysis methods to be nearly equivalent. 

The Holzworth and Meng equation for the low-latitude boundary is within the limits of 
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error of the estimations of the oval found here. The Holzworth and Meng LLB is 

calculated from 

0 = Aj +A2 cos((p + A3) + A4 cos(2cp + 2A5) + A6cos(3(p + 3A7) 

Where 0 is the corrected geomagnetic colatitude, cp is the angular value for the magnetic 

local time, and the coefficients A/ are given for each value of Q.  A possible dependence 

of the location of the center of the oval on various measured geomagnetic parameters was 

investigated but none was found, possibly due to the small size of the data set used. 

When overlaying these initial estimates of the low-latitude boundary on images that 

had been converted to arrays compatible with DDL it was found that there was an error of 

± 3° in the location of the estimated boundaries. The error was not systematic in the sense 

that the boundaries were not consistently low or high. These errors arise from the 

difficulty of estimating the location of the low-latitude boundary visually. The LLB of the 

auroral oval has a steep emissions gradient. Although a sharp gradient defines the LLB 

well, visual estimation of the boundary is limited by the graphics software and hardware 

used. Even with the best resolution hardware, the software is limited to a finite number 

of points to define a line thus the placement may be off by a pixel or two (on the order of 

l°-2°) but appear to be at the correct location. An additional error on the order of a 

degree may arise from the fitting of the points placed at the LLB by the computer 

program. XS AI does a cubic-spline fit to the points marking the low-latitude edge of the 

oval. Such a fit smoothes over the 'rough* edges of the oval. Even with such errors the 

visually estimated low-latitude boundary is a good first-order approximation and compares 

favorably with findings of similar research. 
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After the initial investigation of the auroral oval dimensions, the images were 

averaged using several different techniques. The averaging was done to get a mean quiet- 

time auroral oval for AE < 100 nT. A simple average was done with no weighting or 

altering of the images as a baseline for comparison to the results of the other averaging 

techniques investigated, and because it is the type of averaging that has been used 

extensively in similar work. Other methods of averaging were investigated in an attempt 

to limit the amount of 'washing out' or blurring of auroral oval feature and boundaries and 

to compensate for decreasing auroral oval size after AE went below 100 nT. Of the 

several methods looked at, a translated average was deemed the more efficient and easiest 

technique to achieve the desired results. 

The translated average used the mean visually estimated low-latitude boundary as 

the average dimension of the auroral oval. Each image low-latitude boundary was 

compared to this mean. The difference between the mean boundary and the individual 

image boundary at each local time defined a parameter that was used to translate sections 

of each image, toward or away from the pole, to overlay its low-latitude edge with the 

mean auroral oval. While this technique did sharpen the low-latitude edge of the mean 

oval image, differences between the simple average and the translated average proved to 

be negligible. 

From the mean auroral image for AE < 100 nT one is able to discern relative 

maxima in the emission patterns at approximately 0800, 1430, and 2200 magnetic local 

time. In general the auroral oval emissions are low for the quiet-time images, ranging 

from ~XA to -1.2 counts/pixel (-150-360 R), with a mean auroral emission of -1 

count/pixel. The maxima in the morning and afternoon sectors have emissions -2.0 times 

greater then the mean auroral oval emissions. The maximum in the midnight sector may 

be as much as 2.5 times the mean emissions. 
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These maxima were investigated for a dependence on the orientation of the 

interplanetary magnetic field (IMF). The 13 imaging sequences were divided into four 

subsets corresponding to the orientation of the IMF Bx and By components. To 

eliminate possible influence from the IMF Bz component only those images where Bz > 0 

nT were used. A comparison of the four average images, corresponding to the four 

quadrants of the IMF Bxy plane, showed the emission patterns to have a strong 

dependence on the Bx component. 

When Bx is positive (sunward) the maxima in the morning and afternoon sectors are 

only 10-15% greater than the surrounding emissions. There is a marked increase in the 

brightness of the auroral oval emissions when Bx is negative. When By > 0 nT a 

comparison of quadrant 1 (Bx > 0 nT) and quadrant 2 (Bx < 0 nT) shows the two dayside 

maxima tripling in counts/pixel over the surrounding emissions. 

When By is negative, a comparison of Bx < 0 nT to Bx > 0 nT (quadrant 3 to 

quadrant 4) shows an increase of-45% in the maximum brightness in the afternoon sector 

and -220% in the morning sector. Such dramatic changes in the precipitation pattern 

emissions are not exhibited when one compares changes in the By component with cases 

where the sign of the Bx component is the same (i.e., quadrant 1 to quadrant 4, quadrant 

2 to quadrant 3). 

The dependence of the auroral precipitation patterns on IMF orientation has been 

investigated by other researchers, directly and indirectly. Research done by Iijima and 

Potemra [1982] investigated the relationship between the IMF Bz and By components 

and the field aligned current densities, an indirect measure of the precipitation pattern. 

They concluded that there was a very poor correlation between the field aligned current 

density patterns and By when Bz was positive. From the data presented by this research 

one may reach a similar conclusion. Here a stronger overall dependence on the IMF Bx 
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component is shown, while a change in the, sign of By has less impact on the precipitation 

pattern. 

In earlier work Iijima and Potemra [1978] looked at the field aligned current density 

patterns for various stages of auroral substorm activity. They established a quiet-time 

current density profile showing two peaks, one in the morning sector and one in the 

afternoon sector. The peaks were for region 1 currents, or currents away from the 

ionosphere in the afternoon sector (i.e., downward moving electrons) and currents into the 

ionosphere in the morning sector. Their peaks were located at -0900 and -1300 MLT, at 

-75° and -77° latitude, respectively. The mean images produced in this study show peak 

emissions located at 0800-0900 MLT at 75°, and 1400-1500 MLT at 76°. These 

locations of the relative maxima compare favorably with the peaks in the field-aligned 

currents noted by Iijima and Potemra [1978]. 

The case study of December 3, 1981, where the IMF components change sign 

during the imaging sequence is a good example of how the precipitation patterns change 

with variations in IMF orientation. The changes in the Bx and By components correlated 

directly to rapid responses in the auroral precipitation patterns. These changes were as 

short lived as the changes in the IMF components. The changes in the precipitation 

patterns when the IMF Bz became negative for a short period appear to be longer lasting. 

The change in Bz also cause larger scale changes in the precipitation pattern of the oval. 

The source of precipitating particles associated with changes in Bz and subsequent 

substorm activity is from nightside regions of the magnetosphere. Dayside phenomena are 

not directly connected to these regions, so a different source must be looked for, such as 

the boundary plasma sheet. 

Newell and Meng [1992] mapped to the boundary plasma sheet the regions of 

relative maxima in the dayside auroral oval si,ilar to those found here. The changes in the 
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Bx and By components may be the 'triggers' that enable particles from such a region of 

the magnetosphere to precipitate into the ionosphere. Researchers looking at the IMF 

component dependence for polar rain [Makita and Meng, 1987; Meng and Kroehl, 1977] 

find that there is an increase in the polar rain flux in the northern hemisphere for negative 

Bx (or positive By). Although, the maxima found here are not polar rain phenomena, a 

similar relation to IMF orientation appears to exist. 

Comparison of the emission patterns found during this research was extended to 

similar research for precipitating electrons, as summarized in the works of Spiro et al. 

[1982] and Hardy et al. [1985]. An equation relating the count rate as seen at the 

spacecraft to the characteristic energy per unit energy flux was derived from the mean of a 

data set provided by Lummerzheim [1994]. This equation was used to convert the data 

set of characteristic energy and energy flux given by Spiro et al. [1982] for AE < 100 nT 

to a count rate that could be compared to the mean image established by this research. 

The calculation using the data set from Spiro et al. [1982] resulted in an 'image' that, 

though somewhat narrower in the oval's latitudinal width, depicted the same relative 

maxima as the mean image determined by this research. The difference in latitudinal width 

of the oval is possibly the result of the difference in the type of data used to create the 

images. The particle detectors sampled only when the instrument was oriented towards 

the magnetic zenith, looking into the loss cone, and therefore measured only the 

downward moving particles [Spiro et al, 1982]. The 'image' created from their data set is 

associated only with the precipitating particles are impacting the upper atmosphere, and 

not with the additional complications of emission and transport of light through the upper 

atmosphere. The DE-1 images are of the photons being emitted from the atmosphere in 

the presence of numerous collisions and scattering. This scattering broadens the emission 
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region detected by a photometer above the emitting region by as much as 1° or 2° in 

latitude. 

This comparison of a particle data 'image' to the mean images found by this research 

verified that the emission patterns created from the photometric data directly correspond 

to global-scale precipitation patterns found by other researchers. The data sets for 

precipitating electrons used by Spiro et al. were not correlated to components of the IMF. 

For this reason a comparison of the Spiro et al. patterns' dependence on the IMF 

components was not accomplished. But the comparison showed that the relationship 

determined by Lummerzheim [1994] is valid. 

From the mean images used for the particle data a comparison of the low-latitude 

and high-latitude boundaries was done. This second investigation of the auroral oval 

boundaries was done with more exacting thresholds for the 'edges' of the oval. Initially, 

the boundaries were calculated for a V^-count/pixel threshold and compared with the 

Holzworth and Meng [1975] Q=3 quiet-time oval. The low-latitude boundaries for the 

DE-1 averages and the particle data 'image' varied within 5° of latitude of the Q=3 oval. 

The high-latitude boundaries (HLB) differed by as much as 9°. The differences between 

the Q=3 boundaries and those of the images may be the result of how the boundaries were 

established by Holzworth and Meng, similar to the visual estimation problems outlined 

earlier. 

For images obtained in magnetically quiet periods, the high-latitude 'edge' of the 

auroral oval may be very difficult to discern visually. Holzworth and Meng [1975] 

visually estimated their boundaries from DMSP images. The '/4-count/pixel threshold 

borders on the minimum discernible signal for the eye in the DMSP images without the aid 

of false color imaging and selectable color bars. For this reason a second comparison of 

the oval boundaries was made using a threshold of 1-count/pixel.    The low-latitude 
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boundaries moved to within 2° of the Q=3 LLB. The high-latitude boundary of the 

averaged image oval moved to within 5° of the Q=3 HLB at its worst in the afternoon 

sector, and within 3° for the rest of the oval. The exceptions to this are seen in a good 

part of the afternoon and evening sectors where the particle data 'image' values remained 

at less than 1-count/pixel. 

Conclusions 

This research is an initial investigation of the magnetically quiet global auroral 

precipitation patterns. It is a small part of a much larger project to create quantitative 

models of auroral electron precipitation patterns on a global scale for use with general 

circulation models of the coupled thermosphere and ionosphere. While the DE-1 far- 

ultraviolet images alone cannot provide these models they do provide a global scale 

pattern of the precipitation that is a necessary input to such electron energy precipitation 

models. 

Established here are a set of mean global-scale auroral images for AE < 100 nT that 

can be used as inputs into the new global-scale auroral electron precipitation model for 

magnetically quiet periods. These images provide the mean auroral oval dimensions as a 

rough circle with its center offset from the geomagnetic pole. They also provide a view of 

the changes that take place in the precipitation pattern when the IMF Bx and By 

components change sign. Appendix B contains tables of the mean counts/pixel in 1° x 1 

hour magnetic local time bins for the simple average image and the four IMF B^ quadrant 

average images established by this work. 

From the comparison of the two averages (simple and translated) presented here one 

can conclude that for the quiet-time images no significant improvement can be made over 
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a simple average. Although this result is unexpected, it is not unrealistic. For many quiet- 

time images there is little or no discernible structure other than the oval itself. Even the 

boundaries of the auroral oval are less distinct in the quiet-time images than in more active 

periods. The poleward boundary of the oval becomes very diffuse in images where the 

magnetic activity has been quiet for periods of more than four hours. The equatorward 

edge, although sharper then the poleward, can also become diffuse for periods of magnetic 

quiescence greater than 7-8 hours in duration. 

The research done here has confirmed work done earlier by other researchers 

through an independent method and data set. The auroral oval dimensions for the low- 

latitude boundary laid out by this research confirm that the equations established by 

Holzworth and Meng [1975] are valid for the quiet time auroral oval. The comparison of 

the emission patterns with an 'image' from particle data given by Spiro et al. [1982] shows 

that their tables for characteristic electron energy and energy flux are still good 

approximations, although one may want to scale their afternoon emissions to higher 

values. Also provided here are methods and techniques that may be used in future work 

with DE-1 images and comparison with other studies done on the precipitating electron 

patterns. 

Suggestions for Future Research 

The experience and knowledge gained from this research is a valuable stepping 

stone towards global-scale models of the auroral electron precipitation patterns. The data 

set used here was confined to a narrow period of the northern hemisphere winter of 1981- 

82. Future work should include a comparison of southern hemisphere data set, with 

emphasis on the IMF Bx and By component dependence. One would expect a mirror 

image of the results shown here for such a dependence. This should be confirmed. 



102 

The mean auroral oval emission patterns established by this research should be 

compared with other DE-1 images that were acquired with different filters for the same 

conditions defined here. Such a comparison may lead to relationships similar to those 

established by Rees and Luckey [1974] using ratios of emissions to find the characteristic 

electron energies and energy fluxes. 

The methods for averaging and presentation of mean auroral patterns should be used 

for more active auroral conditions. Mean emission patterns for substorm phases could be 

established with such methods. The orientation of the IMF and its influence on the 

precipitation patterns should be looked at during all phases of this research. 



APPENDIX A 

IMAGE                                      IMF                           AREA                    AE 
yr      day         time                      Bx    By    Bz                    107 km2                      nT 
81 304 0729:161 0.5 -5.5 3.2 1.84 45 

0753:32 1.79 40 
0806:23 2.1 -4.5 3.0 1.93 40 
0817:43 1.91 40 
0829:51 1.90 40 
0841:59 1.98 40 
0854:26 1.95 40 
0906:16 4.5 -4.3 1.6 1.86 40 

81 305 0517:40 2.8 3.1 1.5 2.11 30 

0529:48 2.16 50 
0541:56 2.17 30 
0554:04 2.03 20 
0606:13 -4.3 -0.2 5.3 2.03 30 
0618:21 1.92 30 

81 313 0431:32 3.5 -0.1 3.6 2.21 25 
0443:40 2.18 50 
0507:57 4.6 -1.2 2.3 2.08 20 
0520:05 2.22 35 
0532:13 2.02 40 
0544:22 2.02 30 

81 317 1011:10 7.8 0.8 2.8 1.62 50 
1023:18 1.66 40 

1035:25 1.72 40 
1047:34 1.65 40 
1059:42 1.83 55 
1111:51 7.2 1.0 3.7 1.86 70 
1123:59 1.77 60 
1136:08 1.87 50 

81 330 2102:44 3.4 -3.2 1.8 1.94 50 
2114:53 2.08 40 

[2127:02 2.08 50 
2139:11 2.03 60 

60 2151:19 2.09 
2203:29 4.2 -1.6 2.3 2.07 70 
2215:38 2.00 60 
2227:46 2.06 70- 

2239:55 1.90 50 

81 336 0731:49 m |    m m 1.94 30 
0743:58 1 1.93 35 
0756:06 S 1.86 40 
0808:15 2.5 |   5.3 6.6 1.82 50 

81 337     i 0343:40 4.0 -2.7 8.9 1.77 40 
0355:49 1.86 45 
0407:58 1.4 5.8 7.1 1.74 40 

Table A. 1 List of images used to determine the mean image and several parameters used 
in selection of these images. 
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TMAHF                                        IMF                            AREA                     AE 1 

vr      day         time                     Bx    By    Bz                   107 km2                     nT 

0420:06 |       1.86 40 

0432:15 1.80 45 

0444:24 1.49 50 

0456:33 1.84 4b 

0508:42 -0.6 0.7 1.0| 1.76 5U 

fil 345 1002:56 -0.6 -3.6 4.3 1.68 50 

1014:59 1.70 60 

1027:08 1.74 55 

1039:17 1.73 60 

1051:26 1.77 70 

1103:32 -1.2 -4.7 2.2 1.68 80 

1115:43 1.80 60 

1140:01 1.70 40 

ai 351 0320:05 0.3 -2.0 -0.1 1.48 30 

0332:14 1.49 30 

0344:23 1.62 30 
30 0356:32 1.58 

0408:41 0.3 -1.1 1.0 1.65 30 

0421:26 1.42 30 

0432:59 1.41 30 

0445:08 1.58 30 

fil 351 0927:41 -2.0 -0.5 1.3 1.71 30 

0939:50 1.67 35 

0951:59 1.62 30 

1004:08 -2.1 -0.8 1.2 1.58 35 

1016:171 ! 1.63 40 

1028:26 | j 1.59 40 

ft? 013 0531:03 2.1 |  -4.6 -0.2! 1.70 30 

0543:12 i 1.57 25 

0555:21 1.67 25 

8? 014 0231:02 3.8 -1.8 4.9 1.55 5 

0243:12 1.57 10 

0255:21 1.51 20 

0307:30 4.1 -0.7 4.1 1.42 10 

0319:39 1.44 20 

0331:49 1.46 15 

a? 019 0604:12 0.6 2.3 1.7 1.97 30 

0616:22 2.11 35 

0628:32 ! 
1 i 1.90 40 

0640:41 i 2.04 35 

0652:50 1 2.02 40 

| 0705:00 0.7 0.8     1.7 1                 1       1.89 40 
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